ABSTRACT: Auklets (Alcidae) can be very abundant in north-temperate to arctic seas. Their numbers and trophic impacts in a given area depend on their ability to forage profitably as a function of the dispersion, depth, and density of prey patches. Thus, modeling these relationships is important when predicting the auklets' response to environmental change. This paper presents a simulation model of the foraging costs and intake rates of Cassin's auklets Ptychoramphus aleuticus (~170 g) and least auklets Aethia pusilla (~80 g) once they have located a patch of zooplankton prey. In the model, water temperature and dive depth (max. 20 m) have important effects on dive costs, mainly by affecting the duration and magnitude of costs during passive ascent. Within a prey patch, modeled intake rates are limited at relatively low prey densities by pursuit and handling time after a prey item is detected. Because intake rate is limited by capture time and not prey visibility, the model indicates that changes in light conditions over these depths have little direct effect on intake rates of zooplankton prey. However, vertical migration of prey in response to diel light cycles can strongly affect profitability (energy gain minus cost) by altering the depth of dives to prey patches. Because pursuit and handling time limit modeled intake rate, profitability cannot be increased further by finding patches of higher density, but rather by extending time in patches by swimming farther or slower. The model suggests that auklet dispersion should be insensitive to variations in patch density above a threshold that is relatively low compared to the very high densities that can occur. However, auklets may be attracted to higher-density patches because the patches themselves are more visible or predictable, or because other predators -from seabirds to whales -may gather in such patches and increase their visibility.
INTRODUCTION
Small auklets weighing 70 to 280 g can be very abundant in north-temperate, subarctic, and arctic seas. Numbers of only 4 of 6 small auklet species in the marine waters of Alaska are estimated at 13 to 16.5 million (Denlinger 2006) , with perhaps 4 million auklets nesting on St. Lawrence Island alone (Gall et al. 2006) . Dovekies Alle alle are estimated to number 30 to 60 million breeders in the North Water Polynya region west of Greenland (Karnovsky & Hunt 2002) . The apparent trophic importance of these abundant predators (Schneider & Hunt 1982 , Karnovsky & Hunt 2002 highlights the need for models that predict the response of auklets to environmental change (Durell et al. 2006 ). The abundance and trophic impacts of auklets in a given area depend on their ability to forage profitably as a function of the dispersion, depth, and density of prey patches. To model profitability (energy intake minus cost), one must estimate intake rate at a given prey density and light level, as well as the cost of diving to a prey patch.
Intake rates at varying prey densities and light levels are poorly known for diving birds, having been measured only for little penguins Eudyptula minor and double-crested cormorants Phalacrocorax auritus pur-suing small numbers of fish in experimental tanks (Cannell & Cullen 1998 , Enstipp et al. 2007 ). Intake rates of birds feeding on swarms of zooplankton have not been measured. Lovvorn et al. (2001a) developed a simulation model for short-tailed shearwaters Puffinus tenuirostris feeding on krill (euphausiids) at different densities and light levels, but key parameters were drawn from related literature and have not been verified by direct measurements in wild or captive birds.
Regarding dive costs, bird-borne dataloggers are increasingly critical sources of data for developing and evaluating models, but their application to auklets has been limited by small body size. Such loggers include time-depth recorders (TDRs), accelerometers, and heart rate loggers (Kato et al. 2003 , Tremblay et al. 2003 , Butler et al. 2004 , Watanuki et al. 2006 , Harding et al. 2009 ). At the time of writing this paper, minimum sizes of loggers used in published studies were about 8 × 16 × 27 mm and 5 g for TDRs, 50 × 15 mm and 14 g for cylindrical accelerometer-TDRs (Kato et al. 2003) , and 40 × 30 × 13 mm and 20 g for heart rate loggers (Butler et al. 2004 ). Further miniaturization is expected, and smaller loggers are being employed in ongoing research.
It is difficult to separate effects of extra mass vs. extra drag of loggers on the behavior and energy costs of diving birds. The maximum percentage of body mass to avoid compromising aerial flight is 4% (Caccamise & Hedin 1985) , and murres with TDRs weighing only 2.4 to 2.7% of body mass lost 5 to 7 times more mass than controls (Paredes et al. 2005) . Thus, all these logger types are currently too large for least auklets Aethia pusilla (LEAU), and accelerometer-TDRs and heart rate loggers are too large for the other small auklets (Fig. 1) . In this paper, I collectively refer to parakeet auklets Cyclorhynchus psittacula, ~270 g), crested auklets Aethia cristatella (~250 g), Cassin's auklets Ptychoramphus aleuticus (CAAU, ~170 g), dovekies (DOVE, ~170 g), whiskered auklets Aethia pymaea (~110 g), and LEAU (~80 g) as 'small auklets', as opposed to rhinoceros auklets Cerorhinca monocerata (RHAU), which average about 490 g and 50 cm 2 frontal area (including folded wings). A more serious constraint than the mass of externally-mounted loggers is their effect on hydrodynamic drag during swimming. Loggers with frontal (cross-sectional) area > 2% of the frontal area of the bird can adversely affect body mass, dive patterns, swim costs, and breeding behavior and success (Culik & Wilson 1991 , Paredes et al. 2005 , Ropert-Coudert et al. 2007 ). For the above logger dimensions, the underwater drag of all these loggers probably has appreciable negative effects on all small auklets (Fig. 1) . TDRs weighing 5 g have been deployed on dovekies (3.3% of body mass in Harding et al. 2009 ; N. J. Karnovsky, unpubl.) , and TDR studies on Cassin's auklets are ongoing (J. Adams, K. H. Elliott, N. J. Karnovsky unpubl.) .
However, despite further miniaturization, data from TDRs for the smaller auklets must be interpreted carefully. At present, limited data require that dive patterns of the smaller auklets (especially LEAU) be inferred by scaling down from larger birds.
Once dive behavior has been described with loggers or other methods, costs must be assigned based on measurements under controlled conditions (e.g. Croll & McLaren 1993 , Richman & Lovvorn 2008 . Dive costs can vary with a range of factors, including swim speed, dive depth, water temperature, and replacement of heat lost to water by heat from digestion or exercising muscles (Lovvorn et al. 1999 , Enstipp et al. 2006 , Kaseloo & Lovvorn 2006 . Data from heart rate loggers and accelerometers, if related to respirometry for specific behaviors under relevant conditions, can yield valuable insights into costs of different activities in free- Mean body mass of auklets (gray bars) relative to minimum body masses (dashed lines) needed to keep logger mass below 4% of body mass, and (B) mean frontal area of auklets (including folded wings, gray bars) relative to minimum body frontal areas (dashed lines) needed to keep logger frontal area below 2% of body frontal area for time-depth recorders (TDR), accelerometer-TDRs, and heart rate loggers. Body masses and frontal areas are from Gaston & Jones (1998) and J. R. Lovvorn (unpubl) . PAAU= parakeet auklet, CRAU = crested auklet, CAAU = Cassin's auklet, DOVE = dovekie, LEAU = least auklet ranging birds (Butler et al. 2004 , Halsey et al. 2009 ). However, these loggers are still too large for smaller auklets ( Fig. 1) , leaving respirometry of captive birds as the main approach to estimating costs of different activities in the field. Although metabolic costs of resting in air have been measured for small auklets Gabrielsen et al. 1991) , no values for dive costs of alcids are available except for common murres Uria aalge (COMU) and thick-billed murres U. lomvia (TBMU) diving to a depth of 2 m (Croll & McLaren 1993) . The latter measurements do not account for major changes in the buoyancy of air volumes over a greater range of depths, or corresponding adjustments of swim speed at depths below 2 m (Lovvorn et al. 2004) . To account for such effects, an alternative approach is to estimate mechanical work against drag and buoyancy, and then to convert mechanical costs to aerobic costs with an aerobic efficiency factor based on experimental measurements (Lovvorn et al. 2004 , Lovvorn 2007 . Given the shortage of studies, dive patterns and costs for small auklets must be scaled down from data and models for larger birds. As auklets are the smallest marine endotherms, their relatively high heat loss and high costs of transport may result in high sensitivity to water temperature, dive depth, and intake rate. In this paper, I present a model of dive costs and energy intake rates for 2 auklet species differing in mean body mass: CAAU (~170 g) and LEAU (~80 g). Where possible, I examine the extent to which energy costs scale with body mass, and identify critical measurements needed to verify and refine models of energy cost under varying conditions. Although variables key to existing visual foraging models for birds underwater have not been measured, I examine the behavior of one such model and prioritize research needed to provide critical parameters. Most models of foraging by diving endotherms have dealt with searching from the air or underwater for individual prey or small prey patches that yield assumed intake rates, often from the standpoint of optimal use of oxygen stores (Ydenberg & Clarke 1989 , Wilson et al. 1996 , Mori 1998 , Fauchald 1999 , Thompson & Fedak 2001 . In contrast, the model presented here considers foraging within a small-scale prey patch once it has been located (cf. Hamer et al. 2009) , and the mechanisms that determine whether foraging dives within that patch would indeed be profitable.
MATERIALS AND METHODS
Dive costs. Almost all dives by 15 CAAU instrumented in the Santa Barbara Channel, California (J. Adams, unpubl. data) , and by 1 CAAU instrumented in British Columbia (Burger & Powell 1990) , were to depths < 20 m; thus, I assumed that no dives by either CAAU or LEAU were deeper than 20 m. To estimate costs of diving, I used the modeling approach of Lovvorn et al. (2004) . This approach estimates mechanical work against drag, buoyancy, and inertia of the body and entrained water (added mass) during each swimming stroke at different depths, and then converts mechanical work into aerobic work (chemical substrate requirements) by means of an aerobic efficiency η (Lovvorn 2007) . For a larger wing-propelled alcid (TBMU) it was previously shown that inertial work is a negligible fraction of the total mechanical work of diving compared to work against drag and buoyancy (Lovvorn et al. 1999 (Lovvorn et al. , 2004 . Moreover, currently available accelerometers are still too large for deployment on small auklets, so there were no data for describing acceleration patterns throughout single strokes. Consequently, inertial work was not included in the model in the present study.
Buoyancy of body tissues was based on body composition. A 167 g CAAU collected in Alaska in September contained (sheared of feathers) 98.0 g water, 33.8 g protein, 20.3 g lipid, and 4.9 g ash. Six LEAU weighing 80 ± 12 g (mean ± SD) collected in Alaska in June-July contained an average 49.3 ± 7.3 g water, 22.1 ± 3.1 g protein, 4.9 ± 2.3 g lipid, and 3.3 ± 0.6 g ash. For buoyancies of -2.302 N kg -1 protein, 0.738 N kg -1 lipid, and -6.508 N kg -1 ash (Lovvorn et al. 1999) , these values yield tissue buoyancies of -0.095 N for CAAU and -0.068 N for LEAU. Volume of the respiratory system at the water surface after exhalation (V resp, l ) was estimated from body mass (M b , kg) by Lasiewski and Calder's (1971) general allometric equation, where V resp = 0.1608M b 0.91 (for details, see Lovvorn et al. 1999 ), yielding 0.032 l for CAAU weighing 0.170 kg, and 0.016 l for LEAU weighing 0.080 kg. Volume of air in the plumage at the water surface was estimated to be 0.33 l kg -1 based on measurements by Wilson et al. (1992) , yielding 0.056 l for CAAU and 0.026 l for LEAU (note that the equation for much larger birds in Fig. 4 of does not give reasonable predictions for much smaller auklets). Although there may be some nonlinearity in the scaling of plumage air volume with body mass, the scaling of surface area with body mass for auklets in this size range is essentially linear ( Fig. 2 ; surface area measured on frozen birds by covering them with plastic film and tape, and measuring the area of the removed plastic form, see . This pattern suggests that a constant linear relationship of air volume with body mass (0.33 l kg -1 ) is within measurement error over this small mass range. As depth below the water surface increases, air volume decreases by a factor of 10/(n + 10), where n is depth in meters. The buoyancy of air spaces at different depths was calculated as 9.79 N l -1 of air (Lovvorn et al. 1999) . Estimated total buoyancies (including both body tissues and air spaces) of CAAU were higher and declined more rapidly over the upper 20 m of the water column than for LEAU (Fig. 3) .
Mean speeds and angles (relative to horizontal) of swimming during descent were based on micrologger measurements for 4 alcids -TBMU, COMU, razorbill Alca torda (RAZO), and RHAU -and little penguins (LIPE) (Watanuki et al. 2006) . Extrapolating from regression of swim speed vs. body mass yielded estimated mean speeds during descent of 0.88 m s -1 for CAAU and 0.80 m s -1 for LEAU (Fig. 4A ). Descent angle (relative to horizontal) for both CAAU and LEAU was assumed to be the same as the mean for RHAU (0.57 kg) diving to about 20 m depth: -47° (Fig. 5 in Watanuki et al. 2006) . Hydrodynamic drag D (N) was based on tow-tank measurements at different speeds U (m s -1 ) for frozen birds (Lovvorn et al. 2001b) . For CAAU,
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(for both equations, r 2 > 0.99, p < 0.001). No field measurements of the speeds of horizontal swimming at the bottom of dives are available for diving birds that also fly in air. As the volume and buoyancy of air spaces declined with increasing depth during descent, TBMU increased their speed and associated drag to maintain relatively constant work per stroke (Lovvorn et al. 2004 ). This strategy was thought to maximize muscle efficiency. When work against buoyancy is at its lowest for the dive during horizontal swimming at the bottom, birds may increase their speed to maintain work rates with high muscle efficiency, but may also slow down to facilitate capture of prey. Lacking relevant data, we assumed that small auklets would maintain the same speed during horizontal swimming at the bottom of dives as during descent: 0.88 m s -1 for CAAU and 0.80 m s -1 for LEAU (see above text). Mechanical work against drag at these speeds was estimated by multiplying results of Eqs. (1) or (2) by the bottom (horizontal) swim distance. To estimate work against the buoyant force B (N) to maintain constant depth during horizontal swimming, we reasoned that an auklet had to progress downward the distance X(m) it would otherwise float upward during a given time increment t (s):
where U 0 is initial vertical velocity (equal to zero), M v (kg) is virtual mass (body mass plus added mass of entrained water), and B/M v is the acceleration imparted by the buoyant force . Based on the maximum circumference and length of frozen auklets, we used an added mass coefficient of 0.075 (the fractional increase in body mass due to entrained water to yield M v , Kochin et al. 1964 ). This work against buoyancy W B during time t was then calculated as W B = B × X, and added to work against drag during horizontal swimming at swim distance increments of 0.3 m.
For 4 alcid species equipped with logging TDRaccelerometers (TBMU, COMU, RAZO, RHAU), stroking ceased during ascent at depths shallower than 20 m (Watanuki et al. 2006) . Accordingly, we assumed passive ascent above that depth; however, strokes to begin ascent may increase the subsequent passive speed over that imparted by buoyancy alone. Thus, we estimated ascent swim speeds for the small auklets from a rather variable regression of ascent swim speed vs. body mass as measured for the larger alcids ( Fig. 4B ). Ascent angle (relative to horizontal) was assumed to be the same as for RHAU (47°) in the same study (Fig. 5 in Watanuki et al. 2006) .
Mechanical costs of descent were converted to aerobic costs (chemical substrate requirements) by an aerobic efficiency (η = mechanical power output ÷ aerobic power input) of 0.14, as measured for lesser scaup ducks Aythya affinis diving to a depth of 2 m in a tank at 8°C (Kaseloo & Lovvorn 2005) . Aerobic efficiency subsumes thermoregulation costs, which may increase nonlinearly as body mass decreases over large ranges. However, nonlinearity in heat loss with mass appears to depend strongly on nonlinear increase in surface area as body mass decreases, and surface area appears to scale almost linearly with body mass over the mass range of small auklets (Fig. 2) . Moreover, resting metabolic rate (RMR) in air at thermoneutral temperature also scales linearly over the range of body mass of alcids (Fig. 6) . Lacking better data, we assumed that η was the same for CAAU and LEAU at the same temperatures. For RMR (W) during passive ascent at different water temperatures, we used a relation for TBMU weighing an average 0.803 kg floating on water (w) at temperatures T w from 0 to 21°C: RMR w = M b (20.99 -0.77T w ) (Croll & McLaren 1993) . Using this equation derived from much larger murres again assumes linear increase of heat loss with increasing body mass, reflecting the linear scaling of RMR in air at thermoneutral temperatures (Fig. 6 ) and of surface area over which heat is lost (Fig. 2) .
Energy intake rates. Energy intake rates were estimated as a function of prey density in patches (no. m -3 ) and availability of light for foraging at a given depth, based on a model for underwater visual foraging (Lovvorn et al. 2001a (Fig. 7) . During this time of day, CAAU would be feeding on krill (often Thysanoessa spinifera) that had migrated vertically toward the surface at dusk (Fiedler et al. 1998 , Adams et al. 2004a . To compare CAAU and LEAU under similar conditions, we used the same light profile. LEAU would experience quite similar profiles of PAR during summer in the southeast Bering Sea, although associated profiles of beam attenuation were so variable as to defy generalization (see Fig. 3 in Lovvorn et al. 2001a) .
A detailed explanation of underwater light and vision, and of the visual foraging algorithm used here, is found in Lovvorn et al. (2001a) . The main equation used is:
where r = visual range (m), R max = maximum retinal irradiance that can be processed (μmol m -2 s ). This equation is solved iteratively for the values of PAR (R z ) and beam attenuation coefficient (c z ) at a given depth z. The bite-feeding (as opposed to filterfeeding) intake rate I b (no. of prey s -1 ) is then calculated as: (7) where F m = motion detectability factor, P c = capture probability for prey that are detected, C ph = capture time (pursuit and handling time after detection) per prey item (s), N = number of prey m (Gabrielsen et al. 1988) , dovekie (DOVE) (Gabrielsen et al. 1991) , and least auklet (LEAU) Intake rates are for birds within a prey patch of uniform density. Prey density can vary spatially within swarms (O'Brien 1988), but such variations are typically highly dynamic over periods of seconds and would be difficult to measure and account for. Note that this model is for foraging within prey patches, and does not include searching for such patches from the air or underwater. Although CAAU eat a variety of prey including copepods, their diet is often dominated by krill (Vermeer 1984 , Adams et al. 2004a , Abraham & Sydeman 2006 . For simulations in this paper, I assumed that CAAU were eating entirely adult krill (euphausiids) of the genus Thysanoessa. With mean energy content of 23.0 kJ g 1 dry mass (Nishiyama 1974) , Thysanoessa spp. which are 20 to 25 mm long and weigh about 9 mg would contain 207 J per individual, and have a plan area of about 6.7 × 10 -5 m 2 (see Lovvorn et al. 2001a) . I assumed an assimilation efficiency for krill of 68% (Jackson 1986 , Kirkwood & Robertson 1997 . LEAU breeding in the Bering Sea eat mainly copepods of the genus Neocalanus, mostly N. flemingeri or N. plumchrus, which are difficult to distinguish in diet samples (Roby 1991 , Gall et al. 2006 . Adults of these copepod species are about 5 mm long (Hunt & Harrison 1990) , 20-25% the length of adult Thysanoessa spp. The plan area of adult N. plumchrus or N. flemingeri (4.42 × 10 -6 m 2 ) was determined by weighing paper cut-outs of life-sized photocopied images, and comparing the mass of cut-outs to that of the same paper of known area. Based on content of protein (0.13 mg) and total lipid (0.60 mg) in July (Campbell et al. 2004 ), and energy equivalents of 18.0 kJ g -1 protein and 39.5 kJ g -1 lipid (Roby 1991) , the energy content of individual N. plumchrus or N. flemingeri is about 26 J. The latter value is higher than that of 15 J calculated from the fractional content of protein, lipid, carbohydrate, and chitin in N. plumchrus during summer reported by Ikeda (1972) . Using the value of 26 J and assuming about 96% digestibility of protein and lipid in copepods (cf. ) yields 25 J per individual copepod.
Uncertainty analyses. I performed uncertainty analyses of the effects of varying selected parameters on profit per dive. In uncertainty analyses, the apparent importance of a variable can depend on the magnitude of the range over which it is varied. If the range is unrealistically large, the variable will appear to have greater influence on the dependent variable than it should. Thus, an attempt was made to select parameter ranges that reasonably might be observed, or that have been observed for the same or similar species (Table 1 , see references in previous 2 sections).
For uncertainty analyses, the value of each parameter for a given dive was randomly chosen from a uniform distribution over the ranges listed in Table 1 .
After simulation of 300 dives, all variables were ranked and the dependent variable (total profit per dive) was regressed against the independent variables (randomly chosen parameter values) for each dive. Relative partial sums of squares (RPSS) for ranked data indicated the proportion of variance in profit per dive explained by variation of individual parameters, with effects of the other parameters statistically removed. I also report partial coefficients of determination (partial r 2 ), because parameters can show high correlation but account for small residual variances as indicated by RPSS. Together, these analyses indicate how much changes in the value of a parameter could affect the dependent variable (partial r 2 ), and where research effort to decrease the error in a parameter would improve the reliability of predictions (RPSS).
RESULTS

Aerobic costs of diving
For both Cassin's auklet (CAAU) and least auklet (LEAU), model estimates of the aerobic costs of descent and ascent increased linearly with increasing dive depth (Fig. 8) . Work of horizontal swimming at the bottom of dives decreased nonlinearly with increasing depth as air spaces in the respiratory system and plumage were compressed by greater hydrostatic pressure, thereby reducing work against buoyancy (Fig. 3) . Although absolute costs of descent and bottom swimming were higher for larger CAAU, costs per kg were greater for LEAU. Because both ascent speed and RMR in water at different temperatures during ascent were estimated linearly from body mass, costs per kg during ascent were the same for both species. Note that based on the current model and parameters, total costs of passive ascent were somewhat higher than total costs of powered descent (Fig. 8) . Costs per second of descent were in fact greater than those of ascent, but were applied over the much shorter period required to reach the bottom at the higher speed of descent.
Effects of capture probability, capture time, and light level on intake rate
After CAAU have visually detected a krill prey, both the probability of capturing that prey (P c ) and the time required for pursuit and handling after detection (capture time, C ph ) had strong effects on intake rates (Fig. 9) . Changes in light conditions as depth increased had almost no effect on intake rate to depths of 20 m (Fig. 9C) , because even if the birds could see more prey, they could not handle prey at a faster rate than were already detected at lower light levels. Regardless of P c , C ph or light levels, intake rate increased rapidly with increasing prey density only to ~50 krill m -3 , above which there was little change (Fig. 9 ). The same model parameterized for LEAU yielded similar responses to changes in capture time and density of copepod prey (Fig. 10) . Because of higher mass-specific costs of diving ) during descent (total cost), (B,E) horizontal swimming at the bottom of dives (cost m -1 swum), and (C,F) ascent (total cost) for dives to a range of depths at 10°C by Cassin's auklet (0.17 kg) and least auklet (0.08 kg) (Fig. 8 ) and lower energy per prey for LEAU, lower capture times (C ph ) and thus higher intake of prey s -1 were needed for LEAU eating copepods than for CAAU eating krill to yield reasonable profitability patterns (see next section).
Effects of depth, bottom swim speed, and swim distance
In the model for CAAU, total profit per dive (energy intake minus cost) decreased with increasing dive depth because of increasing dive costs (Fig. 11) . For a constant swim distance of 3 m within a patch (Fig. 11A-C (Fig. 11D-F ), dives were profitable only for bottom swim distances >1.8 m at 8 m depth, > 3.1 m at 14 m depth, and > 4.4 m at 20 m depth. Thus, as dive costs increase with increasing depth, profitable foraging requires staying in patches longer by either slowing down or swimming farther.
LEAU showed analogous patterns of decreasing total profit as dive costs increased at greater depths (Fig. 12) . Maintaining positive energy balance required swimming > 3.2 m in a patch at 4 m depth, > 6.4 m at 8 m depth, and > 9.1 m at 12 m depth. Given these swim distances, this model formulation suggests that it might be difficult for LEAU (body mass onlỹ 80 g) to stay in a prey patch long enough to feed profitably at depths >10 m.
Effects of water temperature
According to estimates used in this model, water temperature had important effects on total dive profit at Model estimates of the number of adult copepods Neocalanus plumchrus or N. flemingeri ingested per second by a least auklet foraging within patches of copepods over a range of homogenous densities, P c (probability of capturing a prey item after it is detected) = 0.8, depth = 5 m, and C ph (time required for pursuit and handling after detection) varied from 1.0 to 1.8 s given depths and bottom swim distances (Fig. 13) . These patterns are mainly a function of RMR during ascent, which was extrapolated as a linear function of body mass from data on TBMU floating on water at temperatures from 0 to 21°C (Croll & McLaren 1993, see Materials and Methods) . CAAU swimming 3 m at the bottom of dives within a prey patch could feed profitably at dive depths up to 16 m at 15°C, but only at depths <10 m at 0°C. LEAU swimming 6 m at the bottom of dives could feed profitably at depths up to 9.5 m at 15°C, but only at depths < 6 m at 0°C. At a given temperature, either species could increase the depth of profitable foraging by swimming slower or farther to extend their time within a patch. However, for LEAU, in particular, oxygen stores will impose a limit on how far they can swim at the bottom of dives (Fig. 12) , so low temperature (and proportionally greater heat loss in the smaller LEAU) may place important constraints on dive depths. 
Uncertainty analysis
Because model algorithms for CAAU and LEAU were quite similar, the relative importance of parameter effects in uncertainty analyses were also similar, so here I present results only for CAAU. When selected parameters were all varied over their possible ranges at the same time, the variables that most affected profit per dive for CAAU were bottom swim distance, aerobic efficiency for diving, and capture time for pursuit and handling after a prey item is detected (RPSS of 11 to 38%, partial r 2 of 0.14 to 0.30, Table 2 ). The angle of passive ascent, which could be modulated by an initial propulsive stroke and subsequent position of the wings, affects the period over which RMR at the prevailing water temperature acts during ascent; this factor explained 6% of variation in profit per dive. Water temperature also acted mainly by varying the cost of RMR during passive ascent. Temperature effects on costs of descent and bottom foraging would be considered through changes in aerobic efficiency (Lovvorn 2007) , which was also varied in this analysis.
Energy per krill prey, which can vary seasonally, had similar influence on both the variation in model predictions (RPSS = 6.24%) and the fraction of total variance . For CAAU, capture probability P c = 0.8, capture time C ph = 1.6 s, and bottom swim distance = 3 m. For LEAU, P c = 0.8 s, C ph = 1.2, and bottom swim distance = 6 m in profitability that was explained (partial r 2 = 0.06). By the visual foraging model used, the probability of capturing a prey once detected (P c ) was less than half as important to profit per dive as was capture time detection (C ph ). Varying bottom swim speed was a far less effective means of increasing time spent in a patch (and resulting total intake) than was varying the swim distance traveled within the patch. Varying prey density within a patch from 10 to 200 krill m -3 had little effect on profitability, mainly because intake rate did not change much above 50 krill m -3 (Fig. 9) . Note that if variation in the uncertainty analysis had been restricted only to 5 to 50 krill m -3 , prey density would have appeared more important, emphasizing that the range of variation used for a given variable can strongly affect inference from uncertainty analyses.
DISCUSSION
Few direct measurements are available on which to base a model of the underwater foraging energetics of Cassin's auklet (CAAU, ~170 g) or least auklet (LEAU, 80 g). Over the range of body mass within the family Alcidae (roughly 70 to 1250 g), variables such as body surface area, swim speed during descent, and RMR in air at thermoneutral temperatures appear to scale almost linearly with body mass (Figs. 2, 4A, 6 ). These patterns suggest that as a first approximation, physiological or biomechanical measurements on larger alcids can be extrapolated to small auklets. However, differences in behavior, often resulting from different strategies of foraging for different prey taxa, can cause large variations that may confound body mass scaling (as for swim speed during ascent, Fig. 4B ). Such behavioral variations may render body size alone a poor predictor of the dispersion of different auklet species relative to the depth or patch structure of prey (cf. Haney 1991; Hunt et al. 1993 Hunt et al. , 1998 Mori 2002) . Nevertheless, if models of intake rate that are specific to particular prey taxa are linked with models of foraging cost, better prediction of situations where different auklet species can forage profitably should be possible. Analyses in this paper indicate several areas where further research is most likely to improve such models.
Thermoregulation and aerobic efficiency
The model presented here is sensitive to variations in aerobic efficiency (η = mechanical power output ÷ aerobic power input, Table 2 ), which is used to convert mechanical estimates of dive costs into chemical substrates (food energy) needed for locomotion. Values of η depend strongly on the accuracy of the mechanical model (i.e. η is specific to a given model), and subsume thermoregulation costs (Lovvorn 2007) . Depending on body size, water temperature, and exercise level, heat generated by exercising muscles may be less than heat lost, or may completely replace heat lost so that no shivering thermogenesis is needed. Shivering generally does not occur in actively exercising muscles; thus, maintenance of high core temperature throughout dives in TBMU (Niizuma et al. 2007 ) suggests that heat from exercising muscles replaces most heat lost to water. Body surface area and RMR in air at thermoneutrality scale almost linearly over the body mass range from LEAU to TBMU (Figs. 2 & 6) , so aerobic efficiency and thermoregulation costs it subsumes may also scale nearly linearly over this 18-fold mass range (70 to 1250 g).
However, η may decrease rather abruptly with decreasing water temperature when heat loss exceeds a threshold beyond which exercise heat no longer replaces heat loss. As the approach used here to model dive costs depends strongly on estimates of aerobic efficiency, direct measurements of energy costs over a range of work rates and water temperatures in species of different sizes are needed to refine the predictive model. A similar threshold or nonlinearity may apply to RMR at different temperatures in water, despite apparent linearity of RMR in air at thermoneutral temperatures (Fig. 6) . Heat loss to water is far greater than to air, and may induce sharp increases in metabolism for smaller animals at low temperatures. Water temperature may have important effects on the range of dive depths at which auklets of different sizes can forage profitably (Fig. 13) , but data on which to base such estimates are currently inadequate. Cost measurements are needed for varying combinations of work rates, temperatures, and body sizes. 
Model of intake rates
The model of underwater visual foraging used in this paper (Lovvorn et al. 2001a ) follows a prevalent approach for such models developed for fish (Aksnes & Giske 1993) , but is untested for birds. In essence, the model uses a Type II functional response, where intake rate increases with prey density up to an asymptote determined by handling time (Lovvorn & Gillingham 1996) . Because of limitation by pursuit and handling time (C ph ), intake rates of krill reached asymptotes at not much above 50 m -3 (Fig. 9 ). This density of adult krill within patches is much higher than densities <10 and often <1 krill m -3 measured by towing nets that integrate densities over hundreds to thousands of meters (Simard & Mackas 1989 , Coyle & Pinchuk 2002 , Marinovic et al. 2002 . Such extended tows may include no krill patches of high density, or else multiple patches ranging from a few meters to hundreds of meters across (O'Brien 1988 , Tarling et al. 2009 ). Functional responses (Fig. 9) indicate that auklets benefit from finding krill patches with densities well above the average over larger scales. However, according to this model formulation, the very high densities of tens of thousands per m 3 that can be reached in daytime surface swarms of krill (Hanamura et al.1984 , O'Brien 1988 would not improve within-patch intake rates for auklets over those achieved in patches with far lower density.
This inference has important implications for the amount of aerial or underwater searching needed to find prey patches that maximize intake rate (Wilson et al. 1996 , Fauchald 1999 , Veit 1999 . Based on modeled intake rate within patches, one would expect the distributions of feeding CAAU to reflect variations in krill density below 50 m -3 , but to be insensitive to variations above that threshold. However, very dense krill aggregations may be easier to find because the swarms themselves are more visible or predictable (Coyle et al. 1992) , or because a number of other predators from seabirds to whales may gather at such swarms and thereby increase their visibility (Haney et al. 1992 , Grunbaum & Veit 2003 . Such effects might confound the expected association of auklets with krill patches of different density based on maximum intake rate within a patch. The cost of searching for patches, which is not considered in this analysis, might also lead auklets to stay in patches that do not maximize intake rate if their energy needs are already being met at the current patch density, or if recent experience suggests that the probability of finding better patches is low.
Large copepods that comprise the main prey of LEAU can achieve much higher mean densities than those of krill in net tows that integrate densities over long horizontal distances (tens of copepods per m 3 , Coyle 1998). Copepods can also occur in very dense swarms (Ueda et al. 1983) . However, the functional responses for LEAU (Fig. 10 ) again suggest limitation of intake rate by handling time at relatively low prey densities. For short-tailed shearwaters Puffinus tenuirostris, this limit on prey intake by bite-feeding may be avoided by filter-feeding, as simulated by Lovvorn et al. (2001a) . However, the anatomical features thought to make filter-feeding possible in these shearwaters -long overlapping papillae on the palate and tongue, and openings near the rear of the bill for exit of water (Morgan & Ritz 1982) -are lacking in the auklet species examined (DOVE were not included), with only a slight tendency toward those features in CAAU (Lovvorn et al. 2001a ). Consequently, this paper only considers bite-feeding for LEAU and CAAU. Because of the very high intake rates of zooplankton required to meet energy requirements, Harding et al. (2009) also suggested the need for filter-feeding in DOVE. Direct measurements of intake rates by auklets feeding on krill and other zooplankton underwater are needed to clarify this issue, which is quite important to modeling trophic relations.
Once a suitable patch is found, the model predicts that the capture time (C ph ) is over twice as important as the capture probability (P c ) in determining profit per dive (Table 2) . Thus, once a prey item is detected, increasing pursuit and handling speed at the expense of some decline in success rate appears to be a superior strategy. Because intake rate is limited at relatively low prey density (Figs. 9 & 10) , the only way to increase profit per dive above that threshold is to stay in a patch longer by swimming farther or slower. Over the ranges of values examined, increasing swim distance within a patch was a far more effective means of increasing total intake than was slowing down (Table 2 ). It is likely that effects of swim speed on locomotor efficiency, which were not considered here, would further restrict the range of variation in swim speed (Lovvorn et al. 2004) ; such limits would make increasing swim distance an even better alternative for extending time within patches.
The diets of different auklet species vary from copepods to larval fish to small jellyfish (Hunt et al. 1993 , Adams et al. 2004a . Because of associated variations in prey size, energy content, escape responses, and swarming behavior (Hunt et al. 1998) , we cannot yet generalize about energy intake rates during foraging bouts. Simple body mass scaling over the size range of small alcids is probably not valid ecologically for such variable foraging conditions (cf. ). The visual foraging algorithm used in this paper is quite sensitive to capture time and capture probability (Figs. 9 & 10, Table 2); either factor can limit intake rates at prey densities that are orders of magnitude lower than can occur in swarms. The validity of this model formulation, and parameter values for different prey types and bird body sizes, need to be evaluated empirically.
Light effects and diel vertical migration
Once a prey patch is located, changes in light conditions with depth had negligible effects on modeled intake rates over the depths typically used by these auklets (< 20 m, Figs. 7 & 9C) . Prey intake was instead strongly limited by pursuit and handling time (C ph ), thus, even if more light allows the birds to see more prey, they cannot handle prey at a faster rate than is already detected at lower light levels (note that searching for patches was not considered in this paper). Experiments with captive little penguins likewise indicated that feeding on fish was not impaired by decreasing illumination until very low light levels were reached (Cannell & Cullen 1998 , < 0.1 μmol m -2 s -1 , cf. Fig. 7A ). However, dive depth had strong impacts on the foraging profitability of auklets by changing the costs of diving (Figs. 11 & 12) . Thus, light can have important indirect effects on profitability by controlling diel vertical migration that alters the depth of prey (Youngbluth 1976 , Falk-Petersen et al. 2008 .
It is difficult to compare such effects for small auklets diving mostly to depths < 20 m in highly productive (turbid) waters to patterns for much larger endotherms diving up to hundreds of meters in very clear Antarctic waters. For fur seals and penguins feeding on vertically migrating prey, interpretations vary on the relative importance to foraging profitability of light conditions for capturing prey versus costs of diving to different depths. During austral winter, Antarctic fur seals Arctocephalus gazella foraged only at night when krill moved up to the surface (Fraser et al. 1989) , suggesting that dive depth was more important than light levels. For king penguins Aptenodytes patagonicus during austral summer, about 2/3 of all dives were to depths < 20 m at night when their main prey of myctophid fish had migrated near the surface (Kooyman et al. 1992) ; however, 1/3 of all dives were to depths of 100 to 300 m during the day with much higher dive costs that should decrease profitability. To explain why these penguins would make such deep dives during the day, the authors proposed either that total intake at night was inadequate to meet daily needs, that prey during deep daytime dives had higher energy content, or that prey were harder to capture at night despite being more vertically compressed. By using loggers to record ingestion events during austral summer, Wilson et al. (1993) showed that although king penguins and Adélie penguins Pygoscelis adeliae made many dives to shallow depths at night, catch per unit effort (CPUE) was lower at night and the birds obtained most of their prey by deeper dives during the day. Assuming that the prey of king penguins (mytophids) exhibited full vertical migration, and the prey of Adélie penguins (Antarctic krill Euphausia superba) underwent partial vertical migration, it was concluded that light levels that facilitated prey capture during the day were more important than reduced dive costs at night.
When CPUE of emperor penguins Aptenodytes forsteri was inferred from rapid fluctuations in depth during dives, in winter the birds dove only during the day with high CPUE when their krill prey remained close to the seabed and did not vertically migrate (Zimmer et al. 2008 ). In the spring, these penguins dove throughout the day, but achieved highest CPUE when light conditions were lowest at night; this pattern was attributed to resumption of diel vertical migration by both krill and nototheniid fish. This inference of higher intake rates for emperor penguins during shallow nighttime dives contrasts with the pattern for king penguins reported by Wilson et al. (1993) (see preceding paragraph) . However, more frequent vertical fluctuations of depth during nighttime dives might actually indicate that greater effort was mandated by low success rates. During the summer, Bost et al. (2002) found that king penguins made only shallow dives at night but mostly deep dives during the day, and that light levels at those deep depths during the day were higher than light levels at the shallow depths of dives at night. Although intake rates were not measured or estimated, 30-min trawls at depths of 50, 150, 250, and 300 m indicated that the main prey taxa brought back to chicks were rare in the penguin's shallow nighttime diving range. These authors concluded that ambient light levels were more critical to foraging profitability than diel vertical migration of prey to shallow depths.
However, a potentially important aspect of diel vertical migration that these studies have not considered is change in horizontal dispersion of prey with change in depth. It is believed that vertically migrating zooplankton often disperse horizontally as they become more vertically compacted near the surface (Smith et al. 1989 , Demer & Hewitt 1995 , Tarling et al. 1998 . The extent to which this behavior results in less distinct patches with lower density near the surface, with increased costs of searching to locate high enough prey concentrations, is unknown. Although conditions during various studies will differ, it appears that king penguins generally make many shallow dives at night with low success rates, compared to fewer, deeper dives during the day with higher success rates. Trawls at depths of 50 and 100 m might miss dispersed layers of certain taxa that are vertically compacted near the surface (Sameoto 1983) , and lack of the prey taxa brought to chicks in those trawls does not exclude the possibility that adults feed themselves on different prey captured during the many dives to shallow depths (cf. Bost et al. 2002) . As vertically migrating zooplankton often become more clumped as they descend (Sprong & Schalk 1992) , increased prey density within larger, more distinct patches might help explain higher intake rates during deeper dives even with lower light levels. In a controlled study, cormorants detected prey only at close range, with capture by brief short-distance pursuit or rapid neck extensions (White et al. 2007 ). Such a strategy where intake rate is more limited by capture time after detection than by detection distance is consistent with the model used here, and may reduce the direct importance of ambient light levels on capture rates when prey are concentrated.
Hydroacoustic transducers have a near-field detection limit of 3 to 5 m; because such instruments are typically pointed downward when mounted on ship hulls or towed underwater, very little is known about the patch structure of vertically migrating prey within 10 m of the water surface. It is possible that vertical compression of migrating krill layers near the water surface raises krill densities to as high as those in surface swarms (Sameoto 1983) . However, the extent to which horizontal aggregations so apparent at depth are maintained in more vertically compressed layers near the surface is poorly known (cf. O'Brien 1988 , Demer & Hewitt 1995 . Towing acoustic transducers pointed sideways or upward (Hewitt & Demer 1996 , Probst et al. 2009 ), towing video cameras (Veit et al. 2008 ) with some type of lighting for night use, or towing multiple closing nets tripped at short distance intervals near the surface may provide important information on krill dispersion. Measurements of the patch structure of vertically migrating krill and copepods near the water surface at night are needed as a basis for foraging experiments and modeling for small auklets.
Finally, this paper has explored mechanisms that determine whether a small-scale patch of zooplankton prey will allow energy intake to exceed the cost of individual dives. Profitability in this case has not included the costs of searching for the patch, or the overhead cost of other activities throughout the diel period ). Although flights of Cassin's auklets to general foraging locations have been documented by radiotelemetry (Adams et al. 2004b) , aerial or underwater search patterns within such areas for small-scale prey patches are unknown (cf. Fauchald 1999) . As loggers are increasingly miniaturized, data from the larger of the small auklets should provide critical insights for more comprehensive models. 
